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a b s t r a c t
An experimental study was carried out to investigate the effect of microwave-assisted plasma ignition
on laminar ﬂame development in a 1.4 l constant volume combustion chamber (CVCC). The microwaveassisted plasma ignition system consisted of a commercially available 2.45 GHz magnetron (700 W), a
waveguide, a 3-stub tuner, a mixer and a non-resistor spark plug. The combustion tests were performed
using an acetylene–air mixture at a range of equivalence ratios and initial ambient pressures. The ejection timing of the microwave also varied based on the spark event. In-chamber pressure analysis and high
speed imaging were combined in a CVCC to compare the results between the microwave-assisted ignition and the conventional spark ignition. The enhancement was evaluated from the combustion phase,
combustion index, and the ﬂame kernel size based on the in-chamber pressure results and shadowgraph
images. Compared to the conventional spark ignition condition, the microwave-assisted plasma ignition
showed an extended lean limit with the advanced combustion phase. The conventional spark ignition had
a lean limit at the equivalence ratio of 0.6, while it was extended to 0.5 by the microwave-assisted plasma
ignition under the initial ambient pressure of 0.1 MPa. The ﬂame development time (time for 0–10% of
total net heat release) for the microwave-assisted plasma ignition showed signiﬁcant advancement especially in the lean mixture condition. The shadowgraph images indicated that the ﬂame speed increased
up to 20% with the microwave-assisted plasma ignition. In terms of equivalence ratios and initial ambient pressures, the enhancement was decreased with rich mixture and high initial ambient pressure
conditions. In this situation, however, an early microwave ejection strategy was found to be beneﬁcial to
combustion showing a higher combustion index than the conventional spark ignition condition.
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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EGR
FDT
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FRT
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constant volume combustion chamber
carbon monoxide
coeﬃcient of variation
direct current
exhaust gas recirculation
flame development time
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insulated gate bipolar transistor
indicated mean effective pressure
normalized cumulative net heat release
nitrogen oxide
particle image velocimetry
planar laser induced ﬂuorescence
pulse width modulation
quarter wave coaxial cavity resonator
radar resonance-enhanced multi photon ionization
radio frequency
representative heat release rate
rotational-translational
spark ignition
ultraviolet
vibrational-translational
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Nomenclature
E
Ic
n
Pin−chamber
Pmax, con
Pmax,p
T10
T50
T90
t
tcon
tp

electric ﬁeld [V/m]
index of combustion [a.u.]
gas density [m−3 ]
in-chamber pressure [Pa]
maximum in-chamber pressure with conventional spark ignition [Pa]
maximum in-chamber pressure with microwaveassisted plasma ignition [Pa]
duration from start of ignition command to 10%
of total cumulative heat release [s]
duration from start of ignition command to 50%
of total cumulative heat release [s]
duration from start of ignition command to 90%
of total cumulative heat release [s]
time [s]
time of the peak pressure with conventional
spark ignition [s]
time of the peak pressure with microwaveassisted plasma ignition [s]

1. Introduction
The automotive industry is pursuing high eﬃciency clean vehicles due to increasing environmental concerns and the depletion
of petroleum resources. Several technologies such as lean-burn, exhaust gas recirculation (EGR), turbocharger, and gasoline direct injection (GDI) have been applied in a spark ignition (SI) engine to
improve eﬃciency [1–4]. However, these methods limit the engine
operating conditions due to the deteriorated combustion stability,
especially during ignition and the initial ﬂame development [5]. Innovative approaches including new ignition and combustion concepts are needed to enhance the combustion. At this stage, the application of plasma to ignition and combustion is considered as a
promising way to achieve high eﬃciency and low emission vehicles. Plasma is a form of matter in which many of the electrons
wander around freely among the nuclei of the atoms. It has been
called the fourth state of matter, the others being solid, liquid,
and gas. Plasmas can be classiﬁed as “thermal” or “non-thermal”
based on the relative temperatures of electrons, ions, and neutrals.
In thermal plasma, the temperatures are in a thermal equilibrium
state by the suﬃcient kinetic energy exchanges between electrons,
ions, and neutrals. Thermal plasma is characterized by the high
gas temperature and the high level of ionization. Thus, enormous
heat losses to the surroundings and thermal damages to the electrodes are inevitable. The ions and neutrals of non-thermal plasma
on the other hand are at a lower temperature, while the electrons
are much hotter. Reaction kinetics can be enhanced in the nonthermal plasma because the energy transfer from electromagnetic
waves to free electrons in gases results in inelastic electron collisions with ions and neutrals having suﬃcient energy for initiating the electronic and vibrational activation, the molecular dissociation and the ionization reactions [6]. The plasma generation
requires lower input energy and thermal damage in the ignition
system is reduced. Therefore, many research groups are now attempting to replace the conventional spark ignition system with
the non-thermal plasma ignition system for ignition and combustion control [7–13].
Mariani et al. applied a radio frequency sustained plasma ignition system in a 1.6 l turbocharged spark ignition engine [14]. The
system was composed of an igniter with a star shaped electrode
and a resonant transformer circuit, which ampliﬁed the input voltage delivered by an external power supply unit. The 100 V input
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voltage was ampliﬁed up to 6 kV with the frequency of 4.967 MHz.
Corona discharge occurred at the end of sharp electrodes. The
experimental results showed that the new ignition system improved the engine eﬃciency, extended the lean limit of combustion, and reduced the cycle-by-cycle variation compared to the
conventional spark plug system. The system also had advantages in
the reduction of carbon monoxide (CO) and unburned hydrocarbon
(HC) emissions. However, the nitrogen oxide (NOx ) emissions were
slightly increased compared to the conventional spark plug system.
Shiraishi et al. devised a high speed plasma (HSP) igniter using a
nanosecond pulse between coaxial cylindrical electrodes [15]. The
pulse had a full width at half maximum (FWHM) of approximately
80 ns. A voltage range of 10–50 kV was used for the ignition. The
effects of the HSP system on the combustion phase and the instability were investigated in a 0.5 l single cylinder spark ignition
engine. In-cylinder pressure analysis and high speed imaging were
performed to compare the combustion characteristics between the
HSP and the conventional spark ignition system. It was found that
the start of combustion was advanced with the HSP system despite the identical ignition command. The coeﬃcient of variation
(COV) of the indicated mean effective pressure (IMEP) was maintained at less than 5% with the HSP, while it reached up to 20%
with the conventional spark ignition system at the air–fuel ratio
of 22. From ﬂame imaging, the HSP system formed a ring shape
ﬂame kernel by dispersing into the space around the central electrode. The ﬂame development was much faster than that with the
conventional spark plug system.
Meanwhile, the application of microwave also offered similar
advantages in ignition and combustion. Stockman et al. investigated the combustion enhancement of a laminar, premixed CH4 /air
wall stagnation ﬂat ﬂame in a cavity resonator [16]. They measured
the ﬂame temperature, the laminar ﬂame speed, and the hydroxyl
radical (OH) concentration through ﬁltered Rayleigh scattering
(FRS), particle image velocimetry (PIV), and planar laser induced
ﬂuorescence (PLIF), respectively. The microwave was generated by
a 1.3 kW, 2.45 GHz continuous wave magnetron. The result from
the FRS revealed that the temperature was increased by 10 0–20 0 K
in the post-ﬂame zone with the microwave ejection. The ﬂame
speed enhancement measured by the PIV demonstrated that the
restabilization of the ﬂame with the application of microwave radiation led to an increase in the laminar ﬂame speed by up to 20%.
At the same time, diagnostics with the PLIF showed that the peak
OH-number density increased by 6.5% with the microwave application. Michael et al. studied the effects of the pulsed microwave
addition to laminar CH4 /air ﬂame [17]. The microwave source
utilized was a 3 GHz pulsed magnetron capable of 30 kW peak
power pulses varying in length from 1 to 3 μs. The relative increase in NOx concentration was measured using a selective radar
resonance-enhanced multi photon ionization (REMPI) technique. A
laser shadowgraph with a Nd:YAG laser pulse was also performed
to assess the presence of a ﬂame kernel. The REMPI result indicated that the NOx emissions were increased as the microwave
power was increased due to the elevated ﬂame temperature in the
post-ﬂame zone as shown by the previous research group. From
the shadowgraph imaging, the microwave-assisted ﬂame showed
the ability to sustain deﬂagration fronts at the ultra-lean equivalence ratio of 0.3, while it was limited at 0.6 without microwave.
The ﬂame enhancement of the microwave-assisted plasma ignition
can be explained based on the two main mechanisms. The ﬁrst
mechanism is the relaxation of rotational and vibrational states
(the molecule’s internal degrees of freedom). The conversion of
the electron energy to the translational degrees of freedom in the
molecules is insigniﬁcant due to the large differences in mass between electrons and molecules [18]. Thus, only internal degrees of
freedom of the molecules can be increased by the electron impact
under the oscillating electric ﬁeld. The rotational states of the
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Fig. 1. Schematic diagram of CVCC system.

molecules are rapidly quenched due to the rotational–translational
(RT) relaxation by only a few collisions [19]. Therefore, the rotationally excited molecules cannot be considered as active particles
for the ﬂame enhancement. On the other hand, the typical time
for vibrational-translational (VT) relaxation is comparable to the
chemical reaction time [20]. Thus, the vibrational excitation of
molecules can differ signiﬁcantly from the equilibrium state during
the ignition delay by producing reactive radicals [6]. The second
reason for combustion enhancement is the gas excitation through
the electron impact and the energy exchange between excited
states. Reactive radicals can be produced by electron impacts in
many different ways. It is possible to achieve excitation, dissociation, and ionization of the molecules by eﬃcient electron-impact
under the microwave ejection condition. The overpopulation of
the excited states, dissociation and ionization of the molecules,
which can lead to ultraviolet (UV) generation and additional gas
heating, cause an increase in the system reactivity and facilitate
the ignition and the ﬂame propagation [21]. These effects could be
found in the previous researches.
Ikeda et al. developed an ignition system using microwave for
the internal combustion engine application [22,23]. The system
was composed of a signal generator, a transmission system and a
spark plug with a built in antenna. A 2.45 GHz magnetron from
a microwave oven was used for the microwave generation. The
ignition was initiated by the conventional spark discharge and a
locally intensiﬁed electromagnetic ﬁeld was then formed by the
microwave antenna. The new ignition system was applied in a
single cylinder 0.5 l spark ignition engine. The results showed that
the combustion stability was signiﬁcantly increased with higher
fuel eﬃciency by the microwave ejection. The fuel eﬃciency was
improved by up to 5% and the lean limit was extended from 19.3
to 24.1, maintaining an acceptable COV of IMEP. Even though the
CO and HC emissions decreased, NOx emissions increased with the
new system. The limit of EGR could be extended due to the faster
ﬂame propagation than the conventional spark ignition system
[24].
The early ﬂame kernel formation and development have a signiﬁcant inﬂuence on the combustion and emission characteristics
in SI engines [25,26]. Therefore, in this study, the effect of microwave ejection on ﬂame kernel development was investigated
using a microwave-assisted plasma ignition system. The new system was constructed with a 2.45 GHz magnetron, a transmission
system and an igniter. A conventional non-resistor spark plug was
utilized for the igniter. The combustion tests were performed in a
constant volume combustion chamber (CVCC) because high speed
imaging on initial ﬂame development was restricted in a real

gasoline engine due to physical limitations such as installation of
quartz window and arrangement of optical apparatus. Equivalence
ratio and initial ambient pressure were varied to simulate different air–fuel ratios and ignition timings in an engine. In-chamber
pressure analysis and the high speed shadowgraph imaging were
conducted to compare the combustion characteristics according to
the ignition method. The lean limit, combustion phase, and combustion index were investigated based on the in-chamber pressure
trace. Detection of misﬁre and calculation of ﬂame kernel size were
carried out using shadowgraph imaging.
2. Experimental setup and procedure
2.1. CVCC system
A schematic diagram of the CVCC is shown in Fig. 1. The chamber was manufactured with carbon steel material (S45C) to withstand high pressure and temperature inside. The maximum operating pressure and temperature of the chamber were 15 MPa and
20 0 0 K, respectively. The volume of the cube-shaped CVCC was
1400 cm3 . Among the six sides of the chamber, two parallel sides
were equipped with 9.6 cm quartz window to perform high speed
shadowgraph imaging. Only the region up to 3 cm by 3 cm around
the igniter was uncovered to prevent microwave leakage. The remainder of the quartz window was covered with aluminum plate.
Acetylene (C2 H2 ) and air were mixed in a pre-mixing chamber, and
were supplied to the CVCC through the intake valve. The equivalence ratio (ϕ ) was calculated based on the partial pressures of
each gas which could be controlled to ±10−4 MPa. The initial ambient pressure was also controlled by adjusting the initial mixture quantity. The prepared fuel–air mixture was ignited by the
microwave-assisted plasma ignition system and the conventional
spark ignition system. The in-chamber pressure was acquired using
a piezo-electric pressure transducer (Kistler, 6141B) and a charge
ampliﬁer (Kistler. 5011) with a resolution of 50 kHz. An example
of the in-chamber pressure with the combustion at the initial ambient pressure of 0.7 MPa is shown in Fig. 2(a). From this result,
the representative heat release rate (RHRR) was calculated from
the following equation.

RHRR =

dPin−chamber
dt

(1)

where Pin−chamber is the recorded in-chamber pressure and t is the
time after ignition command. Finally, the normalized cumulative
heat release (NCHR) was driven by the time integration of the instantaneous net heat release rate based on Eq. (2).
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sure as indicated in Fig. 2(a). The values were calculated from the
following equation.

Index of combustion (Ic ) = (Pmax,p /Pmax,

con

)/(t p /tcon )

(3)

where Pmax,p is the maximum in-chamber pressure with the
microwave-assisted plasma ignition system, t p is the time of the
peak pressure with the microwave-assisted plasma ignition system,
Pmax,con is the maximum in-chamber pressure with the conventional spark ignition system, and tcon is the time of the peak pressure with the conventional spark ignition system. The microwaveassisted plasma ignition system was effective when the index of
combustion was greater than 1.
The combustion was visualized by the shadowgraph method. A
tungsten lamp and two concave mirrors were utilized for the imaging. A high-speed digital video camera (MIRO, M 110) equipped
with a zoom lens (Nikkor, 80–200 mm f/2.8D) was used to capture images of the ignition event and early ﬂame development. A
signal from the ignition system was used to trigger the high speed
camera. The imaging was performed at a shutter speed of 38,0 0 0
frames per second (fps) with image resolution of 192 by 192. The
aperture of lens and the exposure time of the high speed camera
were set to 2.8 and 2 μs respectively. All setting values were kept
constant throughout the whole experiment. The ﬂame kernel size
was calculated from the shadowgraph records using the MATLAB
(MathWorks.co) program.
Fig. 2. Schematic diagrams of (a) in-chamber pressure trace and (b) normalized
cumulative heat release at equivalence ratio of 0.6 and initial ambient pressure of
0.7 MPa.

t
t RHRR dt
NCHR =  t 0
end
t0 RHRR dt

(2)

where t0 is the time of ignition command, and tend is the end
of combustion. This result was used to compare the combustion
phase between the microwave-assisted plasma ignition system and
the conventional spark ignition system. Flame development time
(FDT) was deﬁned as the time duration from the start of the ignition command to 10% of the total NCHR. The ﬂame rise time (FRT)
was deﬁned as the time duration from 10% to 90% of the NCHR.
Similarly, T10 , T50 , and T90 represent the time when NCHRs were
0.1, 0.5, and 0.9, respectively. The schematic of NCHR is presented
in Fig. 2(b).
The index of combustion (Ic ) was introduced in order to evaluate the performance of a plasma igniter. The Ic was deﬁned using
the maximum in-chamber pressure and the time of the peak pres-

2.2. Microwave-assisted plasma ignition system
2.2.1. Concept of microwave-assisted plasma ignition
The developed microwave-assisted ignition system in this study
initiated plasma using a conventional capacitive discharge spark.
The high frequency microwave and then ejected (or before the discharge depending on microwave ejection timing) to the discharge
zone. The emitted microwave enhanced electron energy and expanded the plasma. The microwave-assisted plasma ignition system generated plasma only with ﬁrst initiating a spark discharge.
In previous studies, some researchers tried to generate plasma
only with microwave using quarter wave coaxial cavity resonator
(QWCCR) [27,28]. In this case, however, it is inappropriate to apply
QWCCR for engine application because the discharge is highly sensitive depending on ambient conditions. It may deteriorate combustion stability by misﬁring under extreme engine conditions. A
conceptual model of microwave-assisted plasma ignition is shown
in Fig. 3. The microwave was transmitted through the space between central electrode and ground shell in the spark plug. In the
combustion chamber, the free electrons in the spark discharge absorbed the microwave energy and generated non-thermal plasma.

Fig. 3. Conceptual model of microwave-assisted plasma ignition.
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Fig. 6. Schematic diagram of microwave power transmission in each component.

Fig. 4. Schematic diagram of experimental setup.

Fig. 5. Conﬁguration of spark and microwave signals according to reference signal.

As shown in the ﬁgure, the electric ﬁeld induced by alternating
microwave was attenuated rapidly according to distance from the
central electrode. Therefore, the effect of microwave ejection could
only be realized near spark zone. The microwave could propagate
through the combustion chamber if it was ejected by λMicrowave /4
length (∼30 mm) monopole type antenna. However, the antenna
type spark plug was not adopted due to poor durability.
2.2.2. System setup
A schematic diagram of the experimental setup is shown in
Fig. 4. The system can be divided into 3 parts: signal control, signal transmission, and ignitor. In the signal control system, two signals were generated. A signal was transmitted to a magnetron driving circuit while, another signal was applied to a conventional ignition coil (Denso, 2730 0-3F10 0). Each signal was generated with
certain range of delay from reference signal. The conﬁguration of
the signals is shown in Fig. 5. It can be seen that the signals
for the conventional ignition coil and magnetron driving circuit
were generated by a signal generator (Berkeley Nucleonics Corp.,
Model 565). The microwave ejection timing was adjustable based
on the spark event. The magnetron driving signal was not generated when the system ran only the conventional spark ignition
mode. A 700 W, 2.45 GHz magnetron (Goldstar, 2M214) from commercial microwave oven was utilized to generate the microwave.
The magnetron was triggered by an insulated gate bipolar transistor (IGBT) with DC 4 kV. The duty of the magnetron was controlled by pulse width modulation (PWM) and operated at a 50%
duty cycle (50 μs on, 50 μs off). A waveguide is a hollow rectangular tube (72 mm by 34 mm) in which the electromagnetic wave
propagates [29]. It enables the microwave to propagate with minimal loss of energy by restricting expansion. To capture the freely
propagating microwave generated by magnetron in a certain space,
a wave guide with transverse electric 010 (TE010 ) mode was utilized. The TE010 mode is the simplest mode in a cavity which has
symmetrical electric ﬁeld distribution along the propagating direc-

tion. 3-stub tuners (ASTeX, AX3041) were installed in the middle of waveguide to maximize the power absorbed by the load
through impedance matching. An antenna was placed at about
30 mm (λmicrowave /4) from the end of waveguide wall to extract
the microwave energy from the waveguide. A coaxial cable (Ntype) was utilized as a transmission line from waveguide antenna
to mixing unit. The microwave and high direct current (DC) voltage signals were mixed in the mixing unit to be transferred instantaneously to the igniter. The mixing unit was composed of a
radio frequency (RF) choke and a DC block to minimize the interference between the two signals. The mixing unit was manufactured as a form of microstrip. The dimensions of the mixing unit
were 50 mm (width) × 75 mm (length) × 1 mm (height). In this device, the ﬂow of microwave to the ignition coil side was blocked by
a RF choke which was realized by a coil. Similarly, the high voltage
DC was not applied to the magnetron driving circuit due to a capacitor. Therefore, two electrical signals were properly mixed and
transmitted to the igniter. A directional coupler and a power meter
(Agilent, E4417A) were installed between the mixing unit and the
igniter to measure the forwarded and reﬂected microwave powers.
In microwave heating, the ability of materials to absorb electromagnetic energy depends on their dielectric properties [30]. Thus,
the applied microwave power on the combustion system was calculated by subtracting the reﬂected power from forwarded power.
Two attenuators with −55 dB were installed in the directional coupler to protect the power meter from excessive microwave power
that could damage the device. A commercial non-resistor spark
plug (NGK, BP6ES-11) was utilized as a microwave-assisted plasma
igniter because a spark plug with internal resistor has extremely
low microwave transmission eﬃciency. The rearward of the spark
plug was modiﬁed with a N-type connector to be combined with
the signal transmission system. The applied high voltage DC source
was transferred through central electrode, while the 2.45 GHz microwave was delivered via an insulator between the central electrode and spark plug body (ground).
2.2.3. Microwave coupling eﬃciency analysis
Entire energy from the magnetron could not transmitted to
spark zone because of microwave reﬂection, transmission loss, and
incomplete impedance matching in each component. The transmitting microwave power at each component was measured by power
meter to estimate the microwave coupling eﬃciency. A schematic
diagram of microwave power transmission is shown in Fig. 6. From
the measurement, the eﬃciencies of mixer and igniter were calculated as 43.6% (299/685.8 × 100 ) and 33.3% (99.8/299 × 100 ), respectively. The effect of ambient pressure on microwave coupling
eﬃciency was negligible. Therefore, total microwave coupling efﬁciency can be calculated as 14.5% (0.436 × 0.333 × 100 ). In the
previous research of Stockman et al, the ﬂame speed of premixed
methane/air mixture was increased by up to 21% with 100 K to
200 K temperature increase under continuous microwave ejection
[16]. They calculated that the temperature increase in the postﬂame gases corresponded to approximately 20–40 W of absorbed
microwave power, which was about 10% of the 300 W combustion
power and 2.3% of the 1.3 kW magnetron power.
2.3. Experimental conditions
The experimental conditions are listed in Table 1. The equivalence ratio was varied from 0.4 to 1.6 to investigate the effect
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Table 1
Experimental conditions.
Item

Level

Equivalence ratio [a.u.]
Initial ambient pressure [MPa]
In-chamber temperature [K]
Spark energizing time [ms]
Spark discharge energy [mJ]
Applied microwave duration [ms]
Microwave energy [mJ]
Microwave ejection timing according to
spark event [μs]

0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6
0.1, 0.3, 0.5, 0.7
300
2
135
2.5
125
−500, −250, 0, +250 +500

Table 2
Uncertainties of measurement and calculation result.
Item

Error range

Peak of in-chamber pressure [MPa]
Cumulative heat release rate [%]
Flame development time [ms]
Flame rise time [ms]

±0.09
±1.04
±0.64
±0.34

of microwave ejection under various fuel–air mixtures. The initial ambient pressure also changed from 0.1 MPa to 0.7 MPa. The
in-chamber temperature was kept at 300 K. The spark energizing time and the microwave ejection duration were set to 2 ms
and 2.5 ms, respectively. The amount of spark energy was 135 mJ,
while the microwave energy was 125 mJ per ignition event (Appendix contains the energy estimation procedure). The ﬁve different microwave ejection timings between 500 μs before and after
the spark event were tested to examine the effect of microwave
ejection timing on combustion. The results from ﬁve combustions
were averaged to compare the combustion characteristics between
the conventional spark ignition system and the microwave-assisted
plasma ignition system. The maximum error range of combustion
tests were calculated as shown in the Table 2.

Fig. 7. Direct discharge images under ambient pressure of (a) 0.0 0 01 MPa and (b)
0.1 MPa (Microwave ejection timing: −250 μs).

3. Results and discussion
3.1. Discharge light analysis
Even though the ignition was initiated by a discharge with
conventional spark (thermal), the expansion of plasma was governed by non-thermal mechanism. The analysis of light emissions
from spark plug was performed to examine the performance of
microwave-assisted plasma ignition system. A digital single lens
reﬂex (DSLR) camera (Nikon, d5300) equipped with a zoom lens
(Nikkor, 18–55 mm) was utilized to capture the ignition images.
Five repetitive discharge events were recorded in a frame. The light
emissions from the discharge were analyzed by a spectrometer
(Ocean Optics, Maya20 0 0). The tests were performed under ambient pressures of 0.0 0 01 MPa and 0.1 MPa. The recorded discharge
images are shown in Fig. 7. As shown in the ﬁgure, the light intensity was increased with microwave ejection regardless of ambient pressure. This light emissions contain many reactive radicals such as nitrogen, oxygen, and hydroxyl. It also can be seen
that the non-thermal plasma was formed near spark plug as explained in ignition concept part. The discharge with microwaveassisted plasma ignition showed brighter emission especially under
vacuum condition. The reason is that the accelerated electrons by
microwaves produced many reactive species more eﬃciently due
to longer mean free path under vacuum condition. On the other
hand, the difference in the level of light emission was decreased
under ambient pressure of 0.1 MPa case. The emission spectrum
results are shown in Fig. 8. The emission level with microwaveassisted ignition was signiﬁcantly higher than that of conventional

Fig. 8. Light emission spectrum results under ambient pressure of (a) 0.0 0 01 MPa
and (b) 0.1 MPa (microwave ejection timing: −250 μs).

system under the ambient pressure of 0.0 0 01 MPa as conﬁrmed by
direct image, while it was 1.8 times greater than that of conventional system under the ambient pressure of 0.1 MPa. This result
implies that ejection of microwave is beneﬁcial for combustion by
providing reactive radicals to the discharge zone.
3.2. Effect of microwave ejection on ﬂame development
Figure 9 presents the mean FDT and FRT according to various
equivalence ratios at an initial ambient pressure of 0.1 MPa. The
microwave ejection timing was set to 250 μs before the spark
event. Both systems showed misﬁres at an equivalence ratio of 0.4.
However, it was observed that the lean limit was extended to be
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Fig. 9. Results of (a) FDT and (b) FRT for the microwave-assisted plasma ignition
and conventional spark ignition at various equivalence ratios under initial ambient
pressure of 0.1 MPa (microwave ejection timing: −250 μs).
Fig. 11. Results of (a) shadowgraph image and (b) ﬂame kernel size at various
equivalence ratios under initial ambient pressure of 0.1 MPa (microwave ejection
timing: −250 μs).

Fig. 10. Comparison of combustion phase between microwave-assisted plasma ignition and conventional spark ignition according to equivalence ratio at initial ambient pressure of 0.1 MPa (microwave ejection timing: −250 μs).

at an equivalence ratio of 0.5 with the microwave-assisted plasma
ignition. The extension of the lean limit may provide many advantages to internal combustion engines [31–33]. This approach can
be used to reduce the fuel consumption when the engine is idle
and to avoid the lean limit ﬂame out of a combustor. At the same
time, the reduction of NOx is also possible by applying the leanburn concept. In terms of the combustion phase, the microwaveassisted plasma ignition showed advanced FDT and FRT, especially
with the lean fuel–air mixture.
The combustion phase results according to the equivalence ratio are summarized in Fig. 10. It is clear that the ignition delay
was reduced with the microwave-assisted plasma ignition, especially under the lean mixture condition. However, the difference
of combustion phase between the two ignition systems was negligible over the equivalence ratio of 1.4. This result is consistent
with experimental trends reported in previous studies. Kosarev et
al. investigated the effect of high-voltage nanosecond discharge
on ignition characteristics of acetylene containing mixture [34].

They discovered that the enhancement was more profound for lean
mixtures showing signiﬁcant decrease in the ignition delay time.
Moreover, the effect of non-thermal discharge plasma on ignition
was strongly noticeable for the fuel with the high activation energy of thermal dissociation such as methane. On the other hand,
the effect was less pronounced for the well ignited fuel such as
acetylene [35].
The representative shadowgraph image of the ﬂame is presented in Fig. 11(a) and the average ﬂame kernel size is shown
in Fig. 11(b). It can be seen that the ﬂame kernels are spherical
and smooth, which is expected for the laminar ﬂame. Similar to
the combustion phase results, the ﬂame kernel by the microwaveassisted plasma ignition was noticeably larger than the conventional spark ignition case. The ﬂame speed was increased by up
to 20% compared to the conventional spark ignition at the equivalence ratio of 0.6. The faster ﬂame propagation is beneﬁcial to engine performance because of lower knocking tendency [36]. The
fuel economy also can be improved by advanced maximum brake
torque (MBT) timing. Meanwhile, the enhancement in the ﬂame
speed was decreased as the equivalence ratio was increased. The
electric ﬁeld strength was attenuated by the third power of distance from the spark plug electrode [37]. This implies that once
the ﬂame front has grown away from the electrode, there is little microwave energy coupled into the ﬂame front. Thus, the enhancement of the ﬂame kernel is only realized in the early stages
of combustion when the ﬂame kernel is near the spark plug electrode. The ﬂame propagation speed in the rich mixture is much
faster than in the lean condition as shown in Fig. 11(b). This indicates that in the rich condition, the ﬂame front quickly breaks
away from the igniter with insuﬃcient microwave energy deposition and ﬁnally results in small enhancement.
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Fig. 12. Comparison of combustion phase according to microwave ejection timing
at equivalence ratio of 1.0 and initial ambient pressure of 1.0.

3.3. Effect of microwave ejection timing on ﬂame enhancement
Figure 12 presents the combustion phase according to various
microwave ejection timings at the equivalence ratio of 1.0 and the
initial ambient pressure of 0.1 MPa. The mean T10 , T50 , and T90
values are plotted against the microwave ejection timing relative
to the spark event. The effect of microwave on the combustion
phase advancement seems to be diminished as microwave ejection
timing is delayed. As stated in Section 3.1, the microwave energy
deposition duration is decreased as the microwave ejection timing is delayed. Furthermore, the fuel molecules could be electronically excited by the early microwave ejection before the ignition.
Previous studies reported that the reaction rate with excited fuel
molecules was 20 0 0 times greater than that of the reaction with
ground state fuel molecules [38]. The microwave with advanced
ejection timing affects not only the fuel–air mixture before the ignition but also the ﬂame front after the ignition. The reduction in
the ﬂame enhancement with the retarded microwave ejection is
also can be seen from the previous research [39].
The shadowgraph records according to different microwave
ejection timing at the equivalence ratio of 1.0 and the initial ambient pressure of 0.1 MPa are presented in Fig. 13. Similar to the
combustion phase result, it can be seen that the ﬂame kernel
size was gradually increased as the microwave ejection timing was
advanced. The mean ﬂame kernel size calculated from the shadowgraph images are plotted against microwave ejection timing in
Fig. 14. The results consider the equivalence ratios of 0.8, 1.0, and
1.2 under an initial ambient pressure condition of 0.1 MPa. The
ﬂame enhancement was decreased regardless of the equivalence
ratio as the microwave ejection was further delayed relative to the
spark event. The possible reason is that the heat losses to the spark
plug electrodes slowed the kernel growth prior to the microwave
ejection.
The index of combustion result under the various equivalence
ratios and the microwave ejection timing is shown in Fig. 15. The
effectiveness of microwave on combustion continuously decreased
with higher equivalence ratios. The combustion enhancement was
observed for the case under the lean fuel–air mixture condition.
On the other hand, the effect of the microwave ejection was diminished for the case under the rich fuel–air mixture condition.
The decrement rate was higher for the case of retarded microwave
ejection timing. From the equivalence ratio of 0.8, the indexes of
combustion for +250 μs and +500 μs were close to the conventional spark ignition condition, indicating that there was no combustion enhancement. In this situation, however, the enhancement
could remain up to the equivalence ratio of 1.4 with the early microwave ejection strategy. Therefore, advanced microwave ejection
is recommended for real engine applications.

Fig. 13. Shadowgraph images of early ﬂame development according to microwave
ejection timing at equivalence ratio of 1.0 and initial ambient pressure of 1.0.

Fig. 14. Comparison of ﬂame kernel size according to microwave ejection timing at
1 ms after spark event.

Fig. 15. Index of combustion result under various microwave ejection timings and
equivalence ratios at initial ambient pressure of 0.1 MPa.
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Fig. 17. Index of combustion result under various microwave ejection timings and
initial ambient pressures at equivalence ratio of 0.6.

Fig. 16. Comparison of (a) ﬂame kernel size at equivalence ratio of 0.6 and (b)
ﬂame kernel size under various initial ambient pressures.

3.4. Effect of initial ambient pressure on microwave-assisted plasma
ignition
The effect of the initial ambient pressure on the microwaveassisted plasma ignition was investigated for initial pressures from
0.1 MPa to 0.7 MPa using acetylene-air mixtures under equivalence
ratios of 0.6 and 0.8. The representative shadowgraph image and
averaged ﬂame kernel size are presented in Fig. 16(a) and (b), respectively. The microwave ejection timing was set to 250 μs before the spark event. It can be seen that the ﬂame kernel size was
decreased as the initial ambient pressure was increased regardless
of ignition system. The reason is that the ﬂame speed is inversely
proportional to the ambient pressure [40]. The difference in the
ﬂame kernel size is noticeable under the low ambient pressure
case. However, this enhancement was diminished as the ambient
pressure was increased, especially over 0.5 MPa. This phenomena
can be explained by the mechanism of the microwave energy deposition at elevated ambient pressure. The mean free path is the
average distance traveled by a moving particle between consecutive collisions, which change the direction or energy of the particle. The electrons in the ﬂame should be suﬃciently accelerated to
enhance the combustion. However, the mean free path of the energized electrons is reduced due to frequent collisions with other
species under high ambient pressure (high gas density). A reduction in the mean free path will decrease the degree to which a
free electron can be accelerated before the collision [20]. In the
previous research of DeFilippo, it was conﬁrmed that the electron temperature was decreased as the ambient pressure was increased [41]. This reduced the formation of excited singlet oxygen
O2 (a1 g ) and other combustion-enhancing processes. In this aspect, for the same amount of microwave ejection energy and the
initial gas temperature, increasing the ambient pressure lowers the
deposition of microwave energy on neutral molecules. Therefore,

the effect of the microwave ejection on the combustion was less
crucial for the high ambient pressure condition.
The index of combustion result under various initial ambient
pressures and microwave ejection timings at the equivalence ratio
of 0.6 is shown in Fig. 17. The contour map on the right side of the
graph shows the corresponding index of combustion values; darker
shade represents higher index of combustion, while lighter shade
represents lower index of combustion. As it can be seen from the
graph, the enhancement by the microwave-assisted plasma ignition is noticeable under low initial ambient pressure cases. However, the effect of the microwave ejection diminished abruptly with
higher initial ambient pressure especially with the retarded microwave timing conditions. The enhancement was negligible over
0.5 MPa with microwave ejection timings of +0, +250 μs, and
+500 μs cases. On the other hand, the early microwave ejection
showed the combustion index of approximately 1.1 even under the
high ambient pressure. This is believed to be due to the microwave
energy being transferred not only to the fuel–air mixture but also
to the ﬂame front by the early microwave ejection. Even though
the differences got smaller as the ambient pressure was increased,
microwave ejection can greatly affect performance and emission
characteristics in internal combustion engine. From the previous
research of Mariani et al., the ﬂame development time was shortened by 0.12 ms by radio frequency plasma ignition [14]. It seems
as insigniﬁcant difference, however, the spark timing could be advanced due to enhanced ﬂame speed. The advancement of ignition
timing was ﬁnally resulted in higher fuel eﬃciency (up to 5%) and
better emission characteristics.
4. Conclusion
The effects of microwave ejection on combustion were investigated for initially quiescent acetylene-air mixtures in a constant
volume combustion chamber. The conventional spark ignition system was modiﬁed with a 2.45 GHz magnetron (700 W) to apply
microwave. The combustion phase and index of combustion were
calculated based on the in-chamber pressure history for the conventional spark ignition and the microwave-assisted plasma ignition at a range of equivalence ratios, microwave ejection timings
and initial ambient pressures. At the same time, high speed shadowgraph imaging was utilized to capture the early ﬂame kernel development near the spark plug. The ﬂame kernel sizes were measured and compared from the shadowgraph images. The conventional spark ignition system and the microwave-assisted plasma ignition system were compared. The major ﬁndings of this study are
summarized as follows:
(1) The application of the microwave-assisted plasma ignition
system resulted in the lean limit extension and the combustion phase advancement. The conventional spark ignition
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system showed the lean limit at the equivalence ratio of 0.6;
however, the microwave-assisted plasma ignition system extended the lean limit to that of 0.5. The calculated ﬂame rise
time and the ﬂame development time were also advanced
due to the faster ﬂame kernel development with the microwave ejection.
(2) The increment in the ﬂame speed was up to 20% in the lean
fuel–air mixture condition. However, the differences in the
ﬂame kernel size and the combustion phase became smaller
as the equivalence ratio was increased. This is because only
a small amount of microwave energy was coupled into the
ﬂame front due to the faster ﬂame speed in the fuel rich
condition.
(3) The combustion enhancement by the microwave-assisted
plasma ignition was seen to be diminished as the microwave
ejection timing was retarded. Except for the extremely lean
fuel–air mixture condition, the indexes of combustion for
the +250 μs and +500 μs cases were close to those of the
conventional spark ignition system.
(4) The effects of the microwave ejection on the ﬂame kernel
size and the index of combustion decreased at the high initial ambient pressure due to more frequent collisions between the electrons and gas molecules. The higher ambient pressure induced the lower microwave energy deposition, which indicates lower average electron energy in the
ﬂame.
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Appendix
In this study, the spark energizing time indicated coil charging
time. It was set to 2 ms by a signal generator during whole combustion experiment. The voltage and current were measured at the
tip of the central electrode to examine the discharge energy and
test-to-test variability. The obtained voltage and current characteristics of the discharge process is shown in Fig. 18. As shown in
the ﬁgure, the duration of discharge was turned out to be 1.8 ms,
slightly shorter than coil charging time. From the voltage–current
curve, the discharge energy was calculated by following equation.


Discharge energy =

V · Idt

(4)

Fig. 18. Secondary voltage and current signals at the tip of spark plug with 2 ms
coil charging time.
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The repeated test (ﬁve discharges) showed that the spark energy was varied test-to-test. The averaged value was 135 mJ per
discharge event. It had maximum value of 143 mJ (+5.6%) and the
minimum value of 129 mJ (−4.4%). Meanwhile, the microwave energy was driven by power meter measurement and calculated by
following equation.

Microwave energy = Delivered power [J/s] ·
Applied duration[s] · Magnetron duty

(5)

The calculated microwave power was 125 mJ (99.8[J/s] ·
2.5[ms] · 10−3 [s/ms] · 0.5(50%duty )), slightly smaller than spark
discharge energy. The variability of microwave energy was estimated by analyzing light emission from discharge. The variability
of microwave-assisted plasma ignition was calculated by following
equation.

Variability =

Acquired intensity − Averaged intensity
× 100 (% )
Averaged intensity
(6)

The calculated variability (ﬁve discharges) from nitrogen radical intensity showed that the range of −2.6% to 2.5%. On the other
hand, the variability result from oxygen radical intensity had the
range of −4.3% to 4.1%, showing comparable values to those of
spark discharge variability.
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